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Graft polymerisation of methylmethacrylate on a number of modified
collagens was studied in order to elucidate the mechanism of the oxidation of
collagen and to determine the grafting sites on collagen using the ceric ion
technique. The number of grafting sites obtained in the case of unmodified
collagen indicated that grafting reactions involved only a small proportion
of the fibre molecules. None of the modifications of the different functional
groups of collagen could completely eliminate grafting, except dinitropheny-
lation; in this case the complete inhibition of grafting was due to the presence
of aromatic nitro compounds. The number of grafting sites significantly
increased when collagen was thiolated, N-brominated, vinylated, cyano-
ethylated or methylated. On the contrary, the number of grafting sites
decreased when collagen was acetylated or treated with oxidised starch.
The decrease in the number of grafting sites with oxidised starch treated
collagen is attributed to the presence of free aldehyde groups in the modified
collagen. The general trend of the results obtained with modified collagen
samples indicate that hydroxy groups, amino groups and the peptide backbone
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may provide sites for initiation of grafting reaction.

 Several detailed studies have appeared
recently on the mechanism and kinetics
of graft polymerisation of vinyl mono-
mers on to polyhydroxyl substrates such
as cellulose, starch, polyvinyl alcohol
etc. using ceric ion initiation. How-
ever, very little information is availa-
ble on the grafting of vinyl monomers
on to proteins and the number of poten-
tial catalysts for graft copolymerisation
treatment of proteins is limited. In
proteins, where the sites are numerous
and less accessible, large molecules will
not diffuse into the protein fibres, parti-

PMMA — Polymethylmethacrylate
CAN —Ceric Ammonium Nitrate .

cularly if they are soluble only in non-
ionic solvents. Previous publications,!?
from this laboratory have presented
evidence for the formation of graft co-
polymers when vinyl monomers are
polymerised in an aqueous slurry of
hide collagen by initiation with ceric

-ion. But the detailed mechanism of the

oxidation of collagen whereby ceric
salts initiate great copolymerisation is
yet to be elucidated. Iwakura and
Imai®4 have also reported the grafting
of vinyl monomers on to proteins using
ceric ion method.

In the present paper, an attempt was
made to determine the grafting sites on



collagen. Collagen contains several
functional groups such as hydroxyl,
amino, carboxyl etc. which are capable

of forming redox systems with ceric ion.

In order to gain more insight into the
nature of the amino acid residues involv-
ed in the attachment of the graft poly-
mer, grafting experiments were carried
out on a number of modified collagens.

Experimental

(1) Preparation and analyszs of modzﬁed
collagen

Collagen was prepared from the butt
portion of fresh buffalo hide. Deami-
nated,> methylated,? N-acetylated’” and
total acetylated® collagens were prepar-
ed and analysed as per the procedure re-
ported earlier. Dinitrophenylation of
collagen was carried ‘out by the origi-
nal method of Sanger® After the re-
action the protein was thoroughly wash-
ed with water .and soxhlet extracted
with ethanol for 12 hours. - Cynoethyla-
tion of collagen was carried out by the
method of Feairheller et al.10

Thiolation of - collagen ‘

In the present study, the method of
Singer et ql'! was followed for the’ thio-
lation of collagen. 5 g. of collagen was
suspended in 100 ml of carbonate
buffer pH 10-7 and the suspension was
cooled to 0°C. 1:25- g. of homocys-
teine thiolcatone dissolved in water was
then added and the suspension was
shaken for four hours, the temperature
being maintained at 0°C. The collagen
was then filtered, washed with distilled
water and directly used. for grafting
studies. Analysis of the modified colla-

gen sllowe& that only about 50% of.
g-amino groups were substituted.

N-Bromination

N-halogenated amides can be prepar-
ed from polyamides and polypeptides
by direct halogenation. The method
adopted by Bamford et al'? for the
N-bromination of polypeptides and pro-
teins was followed. Collagen was N-
Brominated by immersion for several
minutes at room temperature in a solu-
tion of sodium hypobromite acidified to

‘pH 4—4-5 with glacial acetic acid. It

was then washed with distilled water and
dried in vacuum at 40°C. Bamford et al?
have shown that under these conditions
gelatin takes up about 8:3% of bromine.

melatzon of collagen

Vinyl groups were introduced in col-
lagen by two different methods, namely
by treatment with maleic anhydride!314
and also by acrolem ‘

Collagen(15g) was suspended in
200 ml. of dimethyl formamide and 30
g. of maleic anhydride was added and
the mixture was kept at room tempera-
ture for 3-4 days. The collagen was
then filtered .and deswelled with ace-
tone. Treatment with acrolein was car-
ried out by suspending collagen in car-
bonate buffer of pH 9 and treating with
acrolein (3% solution) for 24 hours.
After the reaction, the collagen was
thoroughly washed and air dried.

Treatment of collagen with dialdehyde
starch

" Since it has been shown that ceric ion
redox system is effective for the graft
copolymerisation of vinyl monomers on
polyhydroxy compounds such as cellu-



Jose -and starch, it was of .interest to at-

tach such polyhydroxy -compounds won .

.collagen and then study the graft poly-
merisation on the modified collagen. Col-
-lagen was therefore, treated with a
10% oxidised dialdehyde starch at
‘pH 8-9 and the modified protein was
washed and used for grafting studies.

| Grafting procedure

All the grafting experiments were car-
ried out in nitrogen atmosphere at the
laboratory temperature as outlined in the
previous papers.!’2 The crude graft co-
‘polymer was extracted with dichloro-
ethane for 72 hours and then with ace-
tone for 24 hours at room temperature
to remove the ungrafted homopolymer.
The extracted dried product was then
analysed for total nitrogen, arginine and
hydroxyproline. Total nitrogen was
determined by  the Kjeldahl method,
arginine by the method of Macpherson!s

and hydroxyproline by the method -of -

Newman and Logan.!® The collagen
content of the graft copolymers was cal-
culated from the arginine or nitrogen
values.

The percentage weight increase was
calculated as

Total weight of graft copolymer—
Weisht of collagen

% 100
Weight of collagen

The number of grafting sites per mole
of collagen was calculated as

Welght of PMMA/molecu]ar weight of
grafted PMMA/

- Weight of used collagen/molecular
weight of collagen

Hydrolysis .of - collagen—Methylmetha-
crylate graft copolymers

Samples of collagen-methylmethacry-
late graft copolymers (0:5—1-0 g.)
were treated with 20 ml. of 6N hydro-
chloric acid at 100—105°C for 18 hours.
The precipitates were filtered, washed
with water and methanol, dried in vacuo
and weighed.

Molecular weight determinations

The intrinsic viscosity of the isolated
grafts was determined in benzene at
30°C’ using a PCL suspended Dilution
Viscometer. The number of average
molecular weight was calculated from
the equation?? '

__ 078

[7] =8-69 X 10-5 M,

Hexose residues of collagen as a possi-
ble site of grafting

Collagen contains a small but definite
amount of hexose residues and it is pos-
sible that these hexose residues may
also act as site for the grafting of vinyl
monomers on collagen.' In ‘the case of
certain glycoproteins like Ovalbumin, it
has already been Treported® that the
carbohydrate residues are involved in the
grafting of vinyl monomers by the ceric
ion method. ' To check this possibility in
the case of collagen, grafting studies
were made on soluble tropocollagen, A
solution of tropocollagen in dilute acetic
acid was grafted with methylmethacry-
late under the wusual conditions. A
known weight of the graft copolymer
was then hydrolvsed with 0-5N H. 2SOy
for 5 hours. - The insoluble graft was
removed by ﬁltration and the filtrate



“and washings were made upto a known
volume and submitted to sugar analysis
by the phenol-sulphuric acid method.1®
The amount of collagen in the graft
_copolymer was determined by nitrogen
analysis.  Ungrafted collagen was also
analysed for sugar under identical con-
ditions.

Hydroxyproline in grafted collagen

Since in the earlier studiesl? it was
found that grafted collagen on acid
hydrolysis gave lower values for hy-
droxyproline, it was necessary to find
out whether the grafting medium has
got any influence on the hydroxyproline
content of collagen. For this, control
experiments were carried out in which
the collagen was treated with nitric acid
of the same strength as used in the
grafting studies, both alone and in the
presence of ceric ion but without any

vinyl monomer. Similarly, in order to
ascertain whether the graft polymer has
got any effect on hydroxyproline during
hydrolysis, a known weight of collagen
was mixed with an equal weight of
PMMA and then hydrolysed with 6N
HCl. The PMMA polymer was removed
by filtration and the filtrate and wash-
ings were combined and analysed for
hydroxyproline.

Results and Discussion

From Table 1 it can be seen that in

-the case of collagen fibers, grafting re-

actions 'probably involve only a small
proportion of the fibre molecules. Phy-
sical, chemical measurements and elec-
tron microscopy have shown that the
collagen molecule can be represented

. 0
approximately by a cylinder about 3000 A

o
long and 14 A in diameter with a mole-

Table 1 .
GRAFTING OF METHYL METHACRYLATE ON TO MODIFIED COLLAGEN
‘(Reaction time: 3 hours at room temperature}

. Mol. wt. of No. of graft-
Nature of modification Percent grafted ing sites,
o grafting* PMMA X 10-5 mole/mole
Untreated -collagen 159-60 20-75 0-2301
Acetylated " 93:28 16-94 -0-1651
Methylated ” 159-40 . 11-48 0-4168
N-Acetylated ,, . 156-00 22-70 0-2071
Deaminated = ,, 51-07 7-55 0-2030
Dinitrophenylated collagen Nil — -
Thiolated » 14600 2-95 1-485 - .
Cynoethylated . 183-90 14-16 0-3896
N-Brominated ” 108-40 6-29 0-5166
Vinylated (Maleic anhydride) collagen 301-90 18-32 0-4943
Vinylated (Acrolein tanned) » 129-10 10-21 0-3793
Dialdehyde starch tanned ” 12-06 19-50 0-0185

*Calculated either from nitrogen analysis or arginine estimation.
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Methylated and N-acetylated collagen
gave the same percent of grafting as the
control, but in the case of methylated
collagen, there was a significant increase
in the number of grafting sites. The
reason for the increase in grafting sites
in methylated collagen is not very clear.
Probably in this case, the blocking of
the carboxyl groups of collagen will
prevent the chemisorption of ceric ions
-at the carboxyl groups of collagen and
thus the availability of ceric ion for free
radical liberation may be increased. It
is known ‘that with increasing catalyst
concentration, the number  of grafting
sites increases while the molecular
weight of the grafted chains decreases.
In contrast to N-acetylated collagen,
dinitrophenylated ‘collagen did not graft
any vinyl monomers. This may be ex-
plained by the fact that ceric salts
rapidly oxidises some N-2-4-dinitrophe-
nyl amines with the formation of 24-
dinitraoniline and it is well established
that aromatic nitro compounds such as
dinitroaniline inhibits polymerisation.
Haworth and Holker?425 also obtained
similar results with dinitrophenylated
nylon. In the case of deamination of
collagen by nitrous acid, the amino
groups are replaced by hydroxyl groups
and as such it was expected that deami-
nation may bring about an increase in
the percent grafting. Contrary to ex-
pectation, however, there was a consi-
derable decrease in the percent grafting
even though the number of grafting sites
was not significantly  reduced as com-
pared to untreated control ~collagen.
Kuntzel?® has reported that on deami-
nation of collagen, aromatic nitro or
‘nitroso compounds may also be formed
“through the participation of tyrosine re-

.sidues and the retarding effect of -these

compounds in chain propagation may be
responsible for the lower molecular
weight of the grafted PMMA on deami-
nated collagen. The retarding effect of

‘nitrobenzene in chain propagation has

already been reported by Hamburger??
Total acetylated collagen showed a de-
crease in percent grafting and also in the
number of grafting sites. The data ob-
tained on the grafting of vinyl mono-
mers on different modified collagens do
not provide any unequivocal proof on
the nature of the functional group in-
volved as grafting site. Ceric ion forms
very effective redox systems in the pre-
sence of organic reducing agents such
as alcohols, glycols, aldehydes, thiols,
amines, esters and carboxylic acids.2®
Besides, amino, carboxyl and hydroxyl
groups collagen also contains a few hexose
residues. The presence of ester linka-
ges®3 and aldehyde groups®3? in -col-
lagen has also been reported. Each
molecule ‘of collagen of approximately
300,000 molecular weight has been re-
ported to contain about two to three al-
dehyde groups.3® Since all these func-
tional groups of collagen are able to
form effective redox system with ceric
ion, it -is very difficult to determine
which of these functional groups are in-
volved in the grafting of the very small
number of branches on the collagen
molecule. The general trend of ‘the re-
sults obtained, however, with modified
collagen samples indicates that hydroxy
groups. and the peptide backbone may
provide sites for initiation of grafting
reaction. - The slight reduction in the
number of grafting sites observed in the
case of N-acetylated collagen would sug-
gest that amino groups may be involved



- : Table 2
EFFECT OF DIFFERENT TREATMENTS ON THE HYDROXYPROLINE CONTENT OF COLLAGEN

Hydroxyproline content

Nature of treatment %
Nil-Tropocollagen 13-60
Tropocollagen treated with HNOj3 13.28
Tropocollagen ireated with CAN in HNOg 13-17
Tropocollagen grafted with PMMA¥* ) 12-52
Tropocollagen + PMMA (Physical Mixture) 13-60

*Collagen content arrived from arginine value.

only to a very limited extent as grafting
sites in collagen. The possibility of al-
dehydes or ester groups present in col-
lagen acting as sites for grafting cannot
also be ruled out from the present data.
When PMMA grafted collagen was hy-
drolysed with 0-5N sulphuric acid, all
the sugar residues present in collagen
could be accounted for in the hydroly-
sate and no evidence was obtained for
the presence of any sugar residue in the
insoluble graft. This indicated that the
hexose residues present in collagen are
not_involved. as grafting site.

In our earlier studies® based on the
results of hydroxyproline values of
grafted collagen, it was suggested that
this amino acid residue may probably be
involved as grafting site. However,

" control experiments carried out in the
present study (Table 2) indicate that
the hydroxyproline values are also de-
creased in collagen by treating with the
grafting medium without any vinyl
monomer. Moudgal et al3* have also
reported that the hydroxyproline of
elastoidin is destroyed by treatment with
jodine. These results, together with the
values obtained from the molecular

weight determination of the grafted
polymer chains would, therefore, indi-
cate that hydroxyproline residues may
not be involved to the extent suggested
previously.
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